This paper presents the analysis and design of a miniaturized polarization insensitive metamaterial absorber (MMA) for suppression of the electromagnetic interference (EMI) at microwave frequency range. The proposed MMA consists of a periodic array of double split ring structures printed on an FR4 substrate with a thickness of 0.07 λ 0 . The simulated results derived from CST indicate that the absorption ratio of the MMA is over 90% with a wide frequency range from 8.3 GHz to 11.3 GHz for a normal incident electromagnetic (EM) wave. To understand the EM wave absorption mechanism, an equivalent circuit model of the MMA unit cell is constructed to investigate the absorbing characteristics, and the electric field and surface current distributions are analyzed at absorption peaks.. Both equivalent circuit model (ECM) and measured results show good agreement. What's more, the measurement data shows that the radiated electric field of the patch antenna at 1 meter is significantly reduced at 10 GHz while loading with the MMA. A maximum suppression of 18 dBµV/m is achieved at 10 GHz. As the proposed absorber possesses good ability on electromagnetic radiation absorption, it could be well applied on printed circuit board (PCB) level EMI suppression.
I. INTRODUCTION
Higher data speed leads to faster edge rising rates with more harmonic contents in high-frequency signals, creating more EMI problems [1] . Generally, EMI problems can be tackled in two different ways: one by using a reflective screen and the other by using the absorbers. Though the first solution is the simplest one, it only prevents the EMI in a particular direction by reflecting it but does not minimize the EM pollution, while the second solution can eliminate the EMI by absorbing it completely [2] .
MMA is widely applied in real-world applications, like enhancement of electromagnetic compatibility (EMC), EM shielding [3] , RCS reduction [4] , military radar stealth technology [5] . Many methods have been employed to The associate editor coordinating the review of this manuscript and approving it for publication was Nosherwan Shoaib . achieve miniaturized, ultrathin, wideband and polarizationinsensitive absorbers. For example, fractal structure [6] , [7] , resistor-loaded absorber [8] , multilayer structure [9] - [11] , resistive film [12] , [13] , magnetic substrate [14] , and so on. However, in these previous works, the assembly procedures might be relatively complex and time-consuming, which usually demand careful soldering, precise layer alignments, and high design and fabrication cost [15] .
Nowadays, extensive research on MMA is carried out, but a miniaturized, ultrathin and polarization insensitive MMA operating at microwave frequency range with real-world application is still lacking. Therefore, a challenge is to make a state of the art polarization insensitive absorber with ultrawideband, ultrathin, low cost, light-weight, and excellent shielding ability for EMI reduction applications [2] .
In this paper, we design and fabricate the state of the art absorber, which shows perfect absorption above 90% over the VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ frequency range from 8.3 GHz to 11.3 GHz. The proposed MMA can remarkably absorb and reduce the electromagnetic radiation of a patch antenna which works in this absorption frequency band. The rest of the paper is organized as follows. Section II shows the design and simulation results of the proposed double split-ring absorber (DSRA). In Section III, the equivalent circuit model of the absorber is presented. In Section IV, the experimental result is shown to validate the simulation results, and also, experimental results of assembling the proposed absorber on a patch antenna is presented to verify the EMI suppression performance. Finally, Section V concludes the key findings.
II. DESIGN AND SIMULATION RESULTS
The working principle of absorbers is to match the impedance of the absorber with the free space. This phenomenon, makes the incident waves be absorbed by the designed absorber perfectly. In mathematics, the absorption ratio A is calculated by the formula,
where S 11 and S 21 represent the reflection coefficient and the transmission coefficient, respectively. As the bottom layer of an absorber is always a continuous metallic ground, so the transmission of electromagnetic waves is blocked. As a result, the transmission coefficient is zero and the absorption ratio A only depends on the reflection coefficient, so the above formula (1) is rewritten as,
(2) Therefore, by minimizing the reflection coefficient of the MMA, the absorption ability of the structure can be maximized [16] .
A. DESIGN OF NOVEL DOUBLE SPLIT-RING ABSORBER
Aiming to obtain the desirable absorption in a wide frequency range centered at 10 GHz, two split concentric rings are utilized to design a double split-ring patch on the top layer, as shown in Fig. 1 (a) . The two concentric split rings with different sizes are placed at 90 • one to another. Fig.1 (b) shows the cross-sectional view of the absorber. The substrate is made of FR-4 with ε r = 4.4 and loss tangent tan δ = 0.02. A continuous metallic film is placed at the bottom layer. The thickness ''t'' of both the top layer and the bottom layer is 0.035 mm. All the geometrical parameters are listed in Table 1 . The MMA unit cell is modeled and simulated using the commercial full-wave simulation software CST STUDIO SUITE.
As shown in Fig. 2 (a) , both TE and TM mode absorption performance are coincident, which verifies the polarization insensitive ability of the proposed DSRA. The reflection coefficient S 11 below −10 dB during the frequency range is from 8. has been calculate, as shown in Fig. 2 (b). The absorption ratio well above 95% is from 8.3 GHz to 11.3 GHz.
It can be observed from the inset of Fig. 2 (a) that the two resonant frequencies with the values of 9 GHz and 10.3 GHz, respectively, on the reflection coefficient curve, are the absorption peaks in Fig. 2 (b) . Moreover, the resonance frequency is determined by the radius of the two rings as shown in Fig. 3 (a) and (b), where it presents with increasing the external ring radius by increasing the value of p, the lower resonant frequency moves to a lower value. Correspondingly, the higher resonant frequency shifts to a higher frequency when the radius of the inner ring R decreases, as shown in Fig. 3 (b) .
B. ANALYSIS OF ABSORPTION MECHANISM
The surface current and the electric field distributions on the patch of the proposed DSRA at the resonant frequency, i.e., 9 GHz and 10.3 GHz, are shown in Fig. 4 . Fig. 4 As shown in Fig. 4 (a) and (b), the current flowing direction between the top layer and the bottom layer are anti-parallel, so that the induced magnetic resonance manipulates the relative permeability µ(ω). Similarly, Fig. 4 (c) indicates that the dielectric constant ε(ω) is manipulated by the strong electric field in the capacitive gap on the top layer. When the relative permeability µ(ω) and the dielectric constant ε(ω) arrives:
which means impedance match between the absorber and the free space is achieved, the perfect absorption is realized, consequently. Herein, Z is the characteristic impedance of the metamaterial absorber. The perfect absorption corresponding to the perfect impedance matching is obtained when the relative permittivity has the same magnitude with the relative permeability, which is dependent on the coexistence of the strong electric resonance and magnetic resonance [17] . As shown in Table 2 , in comparison with the existing metamaterial absorbers, the proposed DSRA is comparatively the most miniaturized and ultrathin under highest absorption ratio.
III. EQUIVALENT CIRCUIT ANALYSIS
The equivalent circuit model of the proposed DSRA is shown in Fig. 5 , which consists of two RLC series circuits connected in parallel, representing the two split resonant rings, respectively. Z h is the equivalent impedance of the lossy grounded dielectric slab. C g1 and C g2 represent the equivalent capacitances of the splits of the two rings, respectively.
For each ring, the equivalent inductance L is calculated as [24] ,
and β = sin πw 2l (8) where l and w are the period and width of the DSRA unit cell, respectively. λ is the wavelength. θ is the angle of incidence wave. As the DSRA will be placed very close to the radiation source in practical space extremely limited electronic devices, it is assumed normal incident herein.
The equivalent capacitance C is given as,
where m is the pitch between lateral rings of two DSRA unit cells.
For the equivalent circuit of DSRA unit cell, the corresponding equivalent inductance and capacitance parameters are calculated as, C G1,G2 = Aε g (12)
where A is the cross-sectional area of the split, lr is the length of the ring, ρ is the resistivity of the metal. The input impedance Z h of the dielectric slab at normal incidence reads [25] ,
where Z 0 is the characteristic impedance of free space, k 0 is the free space propagation constant and h is the thickness of the dielectric substrate. The parameters of the components are summarized in Table 3 .
To verify the validity of the equivalent circuit model for the DSRA structure, reflection coefficient obtained by the equivalent circuit model is compared with the simulation results, as shown in Fig. 6 .
As shown in Fig. 6 , the magnitude of reflection efficiency S 11 obtained by CST and ECM coordinate well with each other, and both the resonant frequencies and the absorption frequency bands are the same. At 10 GHz, the reflection coefficient of both methods are less than −10 dB, which verifies the correctness and accuracy of the proposed equivalent circuit model.
It is because of the high accuracy and efficiency of the equivalent circuit model that the ECM method is always employed to help predict the absorption band and absorption rate, to provide a good guidance for absorber optimization in packaging design stage.
IV. MEASUREMENT RESULTS AND DISCUSSION

A. MEASUREMENT
In order to verify the practical absorption performance of the proposed DSRA, an experiment is carried out in EMC chamber to measure its reflection coefficient.
A 40 × 40 array DSRA sample for test is fabricated, as shown in Fig. 7 (a) . The fabricated array sample is put on a wooden desk, with two horn antennas (working in the frequency band 1-18 GHz) facing it. One antenna is used for signal transmitting, and the other for receiving. Both antennas are connected to ROHDE & SCHWARTZ FSW67 signal and spectrum analyzer.
The comparison between the measurement result and the CST simulation result is shown in Fig. 7 (b) . It shows excellent agreement with each other, especially at the resonant frequencies, 9 GHz and 10.3 GHz. But due to the unavoidable fabrication and measurement errors, there are some discrepancies on the measurement curve. According to (2) , the reflection coefficient curve of the proposed absorber can effectively verify perfect absorption performance.
B. APPLICATION ON EMI SUPPRESSION
For a high speed system, once the EMI source is identified, a suitable volume of absorber material can be placed on the source location to reduce the radiated power at the frequency of interest [26] . In order to verify the EMI suppression ability of the proposed absorber, a 30 mm * 30 mm patch antenna that works at 10 GHz is fabricated to generate the radiation source, and a 4 × 4 DSRA array is utilized for EMI suppression. The photograph of the established experiment is shown in Fig. 8 (a) .
The patch antenna is excited by Keysight E8267D Signal Generator over the frequency band that ranges from 8 GHz to 12 GHz through a SMA-type connector, driving the antenna to generate electromagnetic radiation, and the input power is 20 dBm. In the measurement, a plastic spacer with a thickness of 0.2 mm is inserted to separate the patch antenna and the absorber, as shown in the inset of Fig. 8 (b) .
As shown in Fig. 8 (b) , a horn antenna that captures the radiated electric field works as the receiver in the measurement. It is located 1 m distant horizontally from the radiation source. The measured radiation emission is sent back to an Agilent Signal and Spectrum Analyzer N9020A. To record the maximum electromagnetic radiation, the antenna is set both in TE and TM polarization, and the wooden desk is rotated by 360 • . The height of the horn antenna is changed over the range from 0.8 m to 1.6 m.
The measured 1 m electromagnetic radiation is processed to be the radiated electric field.
where E is the received electric field, U is the measured radiation power on the spectrum analyzer, L is the loss of coaxial cables, and A F is the antenna factor. Fig. 9 (a) shows the measured at 1 m radiated electric field results of the patch antenna w/o the proposed absorber in the EMC chamber. Obviously, the case with the absorber has much lower radiation than the antenna radiation. As shown in Fig. 9 (b) , at the antenna working frequency, the radiated electric field is suppressed 18 dBµV/m, which implies that in advanced package, the undesirable radiation could be effectively suppressed if the proposed absorber is in use.
V. CONCLUSION
A miniaturized, ultra-thin and polarization insensitive metamaterial absorber consisting of double split-rings is proposed in this paper. The MMA structure achieves a perfect absorption ratio during a wide frequency range of 8.3 GHz -11.3 GHz. The surface current and electric field distributions of the proposed MMA unit cell are analyzed to further understand the absorption mechanism. The designed structure is fabricated and tested. The measured results show that with the proposed MMA, the undesired electromagnetic radiation is significantly suppressed at a maximum value of 18 dBµV/m at the designed frequency. The experiment validates the effective EMI absorption and suppression ability of the proposed MMA design, and proves that the proposed DSRA is practical in EMI suppression applications.
